A titanium thin film was deposited on the flat (0001) face of a 6H-SiC by electron beam evaporation at room temperature in a vacuum of 5.1 × 10 −8 Pa. The Ti film was epitaxially grown on the surface, and the interface between Ti and SiC was characterized by high-resolution electron microscopy. It was found that the structure of the deposited titanium is face-centered cubic (fcc), although bulk titanium metal usually has a hexagonal close-packed or body-centered cubic crystal structure. We believe that the unusual fcc structure of Ti thin film is due to the high adhesion of the film to the substrate and the high degree of coherency between them. The orientation relationship of the fcc-Ti/6H-SiC interface was (111) 
I. INTRODUCTION
Metal/semiconductor interfaces have been a subject of intensive study due to both technological and fundamental interests. 1, 2 Despite these efforts, only a few complementary investigations to clarify the relations between atomic structures, electric properties, and electronic structures at the interfaces have been performed. This is partly because of the uncontrollability of interface features such as interface reactions, Schottky barriers, and density of interface states. In the metal/Si 3, 4 and metal/ GaAs systems, 5 it is well known that interface reactions unintentionally occur even when the metal is deposited on the semiconductor at room temperature. Such interactions are a major obstacle to a full understanding of the interfaces. Another problem is the imperfection of the semiconductor surface before metallization in terms of surface atom termination. Although advanced termination techniques, using monohydride on the Si(111) surface by buffered HF 6 or boiling water dipping 7 and by sulfur passivation on the GaAs(100) surface, 8 were developed, no perfect ideality in the interface reactions and the control of Schottky barrier heights has been demonstrated. Compared with Si and GaAs substrates, silicon carbide has a stronger Si-C bonding and is expected to suppress interface reactions at room temperature.
Very recently, an ideal interface formation at the metal/6H-SiC(0001) system with a drastic reduction of interface states, using the boiling water technique, was reported. 9 In this study, we characterize the interface atomic structure of the ideal Ti/6H-SiC(0001) system and the lattice coherency using high-resolution transmission electron microscopy (HRTEM). This is one of the most powerful techniques for studying the atomistic structure of the interface and for characterizing the interfacial defects. 10 Also, the lattice coherency across the interface was evaluated by the coincidence of reciprocal lattice points (CRLP) method.
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II. EXPERIMENTAL PROCEDURE
A single-crystalline, n-type 6H-SiC wafer (Cree Research, Inc., Durham, NC) was used as the substrate, and Ti was deposited on its (0001) Si face. First, the substrate was cleaned by the piranha solution (96% H 2 SO 4 :30% H 2 O 2 ) to eliminate contaminants such as carbon and oxygen and then etched in 5% hydrofluoric acid (HF) for 10 min to remove the natural oxide layer. Next, it was thermally oxidized at 1100°C for 150 min in dry oxygen gas, etched again in 5% HF for 10 min to remove the oxide layer, and then immersed in boiling high purity water for 10 min. The sample was then transferred in a vacuum chamber, and Ti was deposited using electron beam evaporation on the basal plane of SiC at a rate of 1.0 nm/min at a substrate temperature of approximately 29°C in a vacuum of 5.1 × 10 −8 Pa. The thickness of the deposited film was about 80 nm.
Cross-sectional high-resolution electron microscopy (XHREM) specimens were prepared by the following procedure. First, the sample was oriented by x-ray Laue back reflection from the SiC substrate side and cut by a diamond saw in the desired orientation. Then, two such pieces were glued together by G-1 epoxy (Gatan, Inc., Preasanton, CA) with the Ti film surfaces facing each other. This "sandwich" was cut into strips with lengths of about 1 mm and polished to a thickness of about 0.1 mm, and each strip was attached to a Mo ring by epoxy in order to reinforce the specimen. Subsequently, the sample was dimpled to a thickness of about 20 m and finally thinned by ion beam sputtering at a voltage of 3-5 kV using a cold stage (liquid N 2 ) in order to minimize damage to the specimen. HRTEM observations were performed using a JEM-2010 (200 kV), JEM-4000FX (400 kV) (JEOL Ltd., Tokyo, Japan), and EM-002B (200 kV) (Topcon Electron Beam Services Corp., Tokyo, Japan) electron microscope. In addition, chemical analysis was performed using electron energy loss spectroscopy (EELS, Gatan model 666) combined with HRTEM observation. . With reference to data in the publication by the Joint Committee on Powder Diffraction Standards (JCPDS), two types of crystal structures are reported for Ti, i.e., ␣-Ti with a hexagonal close-packed structure (hcp-Ti) and ␤-Ti with a body-centered cubic structure (bcc-Ti). Also, it has been reported that a Ti overlayer on the 6H-SiC(0001) substrate has the hcp structure. 15 However, the lattice spacings and the axial angles in the diffraction patterns of the present specimen do not coincide with those for bcc-Ti and hcp-Ti. Figure 3 shows electron energy loss spectroscopy (EELS) spectra obtained from both the Ti thin film and the SiC substrate. In these spectra, only Ti-L 2,3 edges are detected from the Ti thin film, and the C-K edge is detected from the SiC substrate. Furthermore, when EELS was measured at the loss energy of Si, the Si-L 2,3 edge was detected only from the SiC substrate side. It is thus concluded that the Ti thin film is composed of pure metal which does not include any impurities such as Si and C. We observed SADPs at every 30°step to cover 180°around the growth direction of the Ti film. 16 It was found that the crystal has 3-fold symmetry on the plane perpendicular to the primitive axis and has screw operation of 1/3c along the primitive axis. Moreover, the interatomic distances between nearest-neighbor atoms were found to be the same in a tetrahedron of the crystal. According to these results, the crystal structure in the present Ti film was identified to be fcc with a Fm3m space group. The lattice constant and nearest-neighbor atom spacing were determined to be 0.438 and 0.310 nm, respectively. The fcc structure was observed throughout the whole Ti film from the interface to the film surface (approximately 80 nm thickness). The presence of fcc-Ti has also been reported in Ti thin films grown on Al, 17, 18 in Ti/Al multilayers, 19 and in Ti/Ni multilayers. 20 The present result indicates that the fcc-Ti can form even on covalent-bonded SiC crystal. In the reported hcp-Ti/6H-SiC(0001) system, interaction between the Ti overlayer and the SiC substrate is presumably weaker than that in the fcc-Ti/6H-SiC system because Ti has the more stable hcp structure with a large lattice mismatch of 4.3% with respect to the SiC substrate. The formation of hcp-Ti might be due to the simple procedure that was used to clean the substrate with the substrate being dipped into dilute HF solution in the final cleaning stage.
III. RESULTS AND DISCUSSION
The fcc-Ti/SiC interface is almost atomically flat, as shown in Fig. 1 . As indicated in the figure, the (111) fcc-Ti and (1102) 6H-SiC planes, (1 13) The lattice coherency across the interface can be quantitatively evaluated by the coincidence of CRLP between the two crystals since the reciprocal lattice points contain information on both the interplanar spacings and the directions of the crystal lattice planes. 11, 14 In order to formulate CRLP, each reciprocal point hkl corresponding to reciprocal lattice vector g is represented by a sphere with radius r* around it. The coincidence of reciprocal lattice spheres of the two crystals then corresponds to near-parallelness of various sets of planes with nearly equal interplanar spacings. It is then hypothesized that those orientation relationships between the two crystals are favored in which the sum of all intersection volumes is high. The calculated method was described in detail elsewhere. 14 We have calculated the sum V as a function of around the [111] axis of titanium film, keeping the orientation relationship (111) fcc-Ti // (0001) 6H-SiC at the interface. Figure 4 shows the calculated V between the fcc-Ti structure and the 6H-SiC structure as a function of . In this calculation, the radius of r* was taken as 0.2a* (a*: a-axis length of the 6H-SiC crystal in the reciprocal space), and the rotation angles were selected between 0°and 120°around the [111] fcc-Ti axis for so as to cover whole space on the relationship of (111) fcc-Ti //(0001) 6H-SiC . The size of r* does not influence the locations of peaks in Fig. 4 but affects the peak resolution. 13, 14 The initial orientation relationship ( ‫ס‬ 0°) was set to be (111) fcc-Ti //(0001) 6H-SiC and [110] fcc-Ti //[1120] 6H-SiC in Fig. 4 . As seen in the figure, maximum peaks occur at ‫ס‬ 0°, 60°, and 120°which correspond to the orientation relationship with the high coherency across the interface. This result is consistent with the observed orientation relationship in Fig. 1 . Consequently, it is concluded that an interface with the highest coherency formed between fcc-Ti and 6H-SiC. In fact, the misfit parameters between the (111) fcc-Ti and (1102) 6H-SiC planes and (002) fcc-Ti and (1104) 6H-SiC planes are 0.79% and 0.92%, respectively, as shown in Fig. 1 . It is considered that the high coherency of the interface is the origin of the formation of the fcc-Ti crystal. As shown in Fig. 1 , the (111) fcc-Ti planes of fcc-Ti are tilted by approximately 4°with respect to the (0001) 6H-SiC planes of the 6H-SiC substrate. In this system, the Ti thin film is under a compressive stress because of the difference in the interplanar spacings of Ti and SiC. At such an interface, misfit dislocations tend to be introduced to accommodate the lattice mismatch. The slip system of the fcc crystal is 1/2〈110〉{111}. It is possible that dislocation half loops glide from the interface on the (111) fcc-Ti plane observed in Fig. 1 . According to Frank's formula, the tilt angle is expressed as ‫ס‬ tan −1 b/h, where b is a magnitude of the Burgers vector of the misfit dislocation and h is the distance between dislocations. Taking into account that the tilt angle is 4°and the magnitude of the Burgers vector is 0.310 nm for b ‫ס‬ 1/2〈110〉 of the fcc crystal, the distance between misfit dislocations h is estimated to be 4.4 nm.
IV. CONCLUSION
It was found that fcc titanium grows epitaxially on the (0001) face of the 6H-SiC substrate. The orientation relationship between the fcc-Ti and the 6H-SiC substrate is (111) fcc-Ti //(0001) 6H-SiC and [110] fcc-Ti //[1120] 6H-SiC . This orientation relationship corresponds to an orientation that maximizes the coherency between the two crystals and is consistent with the predictions of the CRLP method. The fcc-Ti is relatively stable because the whole film crystallizes in this structure.
